We demonstrate that the intensity ratio of the two lines of Fe ix at 241.739 and 244.911
The large number of solar spectra acquired by the instruments in the Apollo Telescope Mount (ATM) of Skylab has stimulated renewed interest in finding temperature and electron density spectral diagnostics for application to the solar atmosphere. High-resolution spectra and spectral images now exist down to about 170 Â. In this paper we demonstrate that the intensity ratio of two transitions in Fe ix near 240 Â is sensitive to electron density. We determine the density in a number of different solar regions from spectra of the quiet Sun recorded by a rocket spectrograph and from images of these lines in spectroheliograms recorded by the Naval Research Laboratory slitless spectrograph on Skylab. These densities apply to the temperature region of the low solar corona (T e ae 9 x 10 5 K), the region where Fe ix is most abundant. (When this paper was initially prepared, the authors were unaware of the fact that Jordan 1974 had also considered the density sensitivity of the Fe ix lines in unpublished calculations, but her cross-section data were not as good as the data used in this paper.)
The pertinent Fe ix transitions are 3p 5 3¿/ 3 Pi -> 3/? 61 S 0 and 3p 5 3rf 3 P 2 -> 3p 6 (see Fig. 1 ). The decay from ^ to 1 S 0 is via the electric dipole mode and is 9.3 x 10 6 s" 1 (Flower 1977) . The decay of 3 P 2 is primarily by the magnetic quadrupole mode and is 71 s" 1 (Garstang 1969) . The magnetic dipole decay rate of 3 P 2 to ^ is only 2.1 s -1 (Garstang 1969) and is therefore not significant compared to the quadrupole rate. The 3p 5 3d levels are populated primarily by electron impact excitation from the ground state. At low densities, the intensity ratio of the 3 P 2 -> 1 S 0 and 3 P ± -> 1 S 0 lines is nearly proportional to the ratio of the statistical weights of the upper levels, i.e., 5:3. At higher densities, the 3 P 2 level begins to be depopulated by collisions because of its small decay rate, and the 3 P 2 -> 1 S 0 to ^ 1 5 0 intensity ratio decreases from a ratio of ~5:3 to smaller values.
Both of the Fe ix lines are observed in the solar spectrum at wavelengths of 244.911 and 241.739 Â, respectively (Jordan 1972; Behring, Cohen, and Feldman 1972; Svensson, Ekberg, and Edlén 1974; Behring et al. 1976) . The identification of the Fe ix lines was first suggested by Jordan (1972) .
We have calculated the intensity ratio of these lines by solving the equations of detailed balance for the 3p 6 level and all of the 3p 5 3d levels, i. Davis, Kepple, and Blaha (1976) . These rates agree well with the rates calculated by Flower (1977) . Proton excitation between some of the 3p 5 3d levels is comparable to electron excitation at the temperature we adopted for Fe ix (~9 x 10 5 K [Jordan 1970] ). Proton excitation rates were computed for us by Mason (1977) and Blaha (1977) for the 3 P 0 -> 3 P 2 and 3 Px -> 3 P 2 transitions. These rates agree with each other to within ~20%. The results in Figure 1 were derived without the proton rates. Above ~10 10 cm" 3 , including protons results in decreasing the derived densities by about a factor of 2. Below ~ 10 10 cm -3 , the ratio is insensitive to density whether or not protons are included. The neglect of protons is not a serious omission in the calculations.
In the low-density limit, the calculated intensity ratio of the 241.7 À line to the 244.9 Â line approaches the limiting value of 1.75, which is approximately the ratio of the electron impact excitation rates from 1 S 0 to 3 P 2 and From the Behring, Cohen, and Feldman (1972) 5 3d configuration begins to compete with spontaneous decay in depopulating 3 P 2 ; thus the ratio 241.7 Â: 244.9 A starts to decrease. The important point is that, for all reasonable solar densities, there is no lower bound to the ratio. Thus the Fe ix ratio is an excellent density indicator for all densities above 10 10 cm -3 , and is not bounded as is the case for other density-sensitive line ratios, such as occur, for example, with Fe xiv (Blaha 1971) . Full advantage of the technique is gained when photoelectric detecting devices are used, because they have a much larger dynamic range than film. It should also be stressed that the two Fe ix lines are not blended with other lines in the solar spectrum and are close in wavelength. They are therefore ideal from the measurement standpoint.
One may inquire whether other ions similar to Fe ix are available for density diagnostics, at other electron temperatures. One such ion is Ni xi. However, because of the low solar abundance of nickel, the lines will be rather faint. Besides Fe ix and Ni xi, Fe x might be considered. In Fe x, the pertinent intensity ratio is (3p 4: 3d 4: D 7l2 -> 3p b 2 P 3¡2 )/(3p 4: 3d 4: D 5l2 -> 3p 5 2 P 3 ¡ 2 ). Unfortunately, these lines are blended with each other and are therefore not useful.
Another example to consider is Fe xv. The same type of analysis can be done as for Fe ix; but the intensity ratio will be considerably smaller, because the 3s3p 3 P 2 level is depopulated primarily by magnetic dipole decay to Although thé method works 305 in principle, one needs a detector with very large dynamic range to secure the measurements. Some examples and applications of the Fe ix technique are shown in Figure 2 . As mentioned, the lowdensity limit is illustrated by the rocket spectrum obtained by Behring, Cohen, and Feldman (1972) . This spectrum is a full-Sun average; i.e., there is no spatial resolution. In addition to this spectrum, two spectroheliograms are shown for flares that occurred on 1973 June 15 and 1974 January 21. These slitless spectra were recorded by the NRL spectroheliograph on Skylab. The instrument has been recently described by Tousey et al. (1977) .
The spectroheliograms of the June 15 event have been discussed in detail by Widing and Dere (1977) . We call attention to the looplike structures of the Fe ix image. These structures signify the onset of cooling of the flare and are discussed further in Widing and Dere (1977) . Note that the Fe ix image in the 244.9 Â line is substantially more intense than the image in the 241.7 Â line. In the low-density limit, the reverse is true. Thus the flare structures are at a significantly higher density than is the ambient corona. We have obtained densitometer tracings of the images and converted the photographic densities to intensities in arbitrary units. Then, from Figure 1 , we obtain a ratio of 0.3, which implies an electron density of 7.4 x 10 10 cm" 3 . The January 21 event is interesting because, in addition to a high-density flare loop, there are surrounding plage regions at much lower densities. Consider first the dense flare structure marked A in Figure 2 . This structure is very bright in the 244.9 Â Fe ix image. However, the same structure is indiscernible in the 241.7 Â line. Densitometry of the images and conversion to intensities give an upper limit of ^ for the intensity ratio in Figure 1 , which corresponds to a density greater than ^ 1.8 x 10 11 cm" 3 . Substantially lower densities are obtained when the structures marked B and C are examined. The intensity of the arch-type structure, B, is about the same for both Fe ix lines. From Figure 1 this implies a density of about 1.3 x 10 10 for this arch. The image of the structure marked C is brighter in the 241.7 Â line than in the 244.9 Â line, which implies a density of less than 10 10 cm" 3 for this region. The value of the Fe ix lines as a density diagnostic tool for plasmas at quiet coronal temperatures is obvious from the above examples. Experimenters involved in the Solar Maximum Mission should plan to observe these lines during flares.
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